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In this work we demonstrate that micro-segregation patterns of alloying elements present in a high-
strength TRIP-assisted DP steel after casting are retained in the microstructure throughout processing,
and lead to anisotropy (banding) in the ﬁnal microstructure. In particular, we have assessed the role of Al
on the chemical segregation of Mn, Cr and Si during casting, and their impact on the phase trans-
formations occurring during thermo-mechanical processing of the as-cast material. We have derived the
elemental partition coefﬁcients, based on the experimentally determined dendrite spacing and chemical
proﬁles in the as-cast structure, and used them to derive the local austenite-to-ferrite transformation
temperature. Our cellular automaton methodology to simulate phase transformations allows reliable
prediction of the formation or suppression of banding in the intermediate and ﬁnal microstructures for
different heating or cooling rates. Our results reveal that aluminium exerts the largest individual effect of
the substitutional elements on the formation of banding in these steels. Controlling micro-segregation
during solidiﬁcation in advanced high-strength multiphase steels is therefore critical for obtaining ho-
mogeneous mechanical properties in the ﬁnal product, as it controls the phase transformations occurring
during thermo-mechanical processing and therefore the ﬁnal microstructure.
Crown Copyright © 2016 Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Increasing demands of weight reduction and improved safety in
the automotive industry have led to the ongoing development of
advanced high strength steel grades with increased ductility and
microstructural complexity e.g. Transformation and Twinning
Induced Plasticity steels (TRIP and TWIP respectively) [1,2], Quench
and Partitioning (Q&P) steels [3e6] and their derivatives, such as
TRIP-assisted dual phase steels. In most of these steels, the local
carbon content is controlled during processing to retain a signiﬁ-
cant amount of metastable austenite at room temperature. The
retained austenite confers the steel with enhanced ductility, as a
result of the mechanically induced transformation of austenite to
martensite. In order to suppress carbide formation during
quenching, signiﬁcant additions of other alloying elements such aselopment, 1970 CA IJmuiden,
Ennis).
vier Ltd on behalf of Acta Materialisilicon and aluminium are employed [2,7,8]. Silicon is most
commonly added as it not only suppresses carbide formation but
also contributes to solid solution strengthening; as does manga-
nese. Due to problems during hot-rolling, coating and welding
arising from the formation of tenacious Si-based surface oxides,
silicon is increasingly being partially or completely replaced by
aluminium in high strength-high ductility steels [9e12]. This cur-
rent practice requires increasing amounts of manganese to
compensate for the loss of solid solution strengthening. The trend
towards increasingly complex and ﬁner microstructures or
increased amounts of retained austenite, requires delicate control
of the microstructure and interactions of the alloying elements
during processing to achieve the desired structure and stability
and, hence, mechanical properties.
Limited solid solubility of alloying elements in steel leads to
segregation during casting. During solidiﬁcation, solute is parti-
tioned between the solid and liquid to either enrich or deplete
interdendritic regions. This naturally leads to variations in
composition on the scale of micrometres, i.e. micro-segregation.
Macro-segregation, however, refers to chemical variations overa Inc. This is an open access article under the CC BY license (http://creativecommons.
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142 133length scales approaching the dimensions of the casting, which for
large ingots may be of the order of centimetres or metres [13]. At
any given temperature, for an alloy with bulk solute concentration
C0, the solute concentration in the solid may be designated as CS
and that of the liquid as CL. Redistribution or partitioning of solute is




This forms the basis for the Scheil-Gulliver equation [14] from
which the composition of the liquid during solidiﬁcation can be
calculated, thus:
CL ¼ C0ðfLÞk1 (2)
And for the solid, thus:
CS ¼ kC0ð1 fSÞk1 (3)
Where fS and fL are the weight fractions in the solid and liquid
respectively.
Since the solidus and liquidus lines bounding a speciﬁc solidi-
ﬁcation region are approximately straight, k is constant within that
(limited) composition range. For many systems, k has a value less
than unity i.e. the solute is rejected from the solid as it forms and
accumulates in the liquid. Average values of k for typical alloying
additions in steel obtained from the literature are shown in Table 1.
The lack of long-range order in the liquid portion allows a greater
uptake of solute than in the crystalline solid [13]. As solidiﬁcation
progresses, the concentration of solute in the liquid increases due
to rejection from the solid into the liquid phase, with the highest
concentration of solutes in the last portion of liquid to freeze.
Considerable research effort has been devoted to investigating
the effect of carbon, manganese and, to a lesser extent, chromium
and silicon on the dendrite arm spacing [15e18], microscopic
[19e21] and macroscopic segregation [22e24], partitioning during
phase transformations [25e30] and on banding [22,31] in steels.
There has to date been no systematic study of the role of aluminium
segregation in these processes in modern automotive high strength
steels. In fact, on the basis of the partition coefﬁcients in Table 1, it
would appear that aluminium would not segregate signiﬁcantly
during solidiﬁcation, although this is almost certainly due to the
residual levels of aluminium (< 0.04 wt%) reported in the study
[21]. The occurrence of Mn and Al macro-segregation has been
recently reported in a medium-Mn multiphase steel [32], but Al
seems to homogenise after thermo-mechanical treatment in that
case, and the observed martensite-austenite micro-bands were
attributed only to the Mn segregation.
The aim of this work is (1) to determine the potential role of
aluminium as an alloying addition on the partitioning of the other
solute elements in multi-phase steels and (2) to establish the link
between chemical segregation in the as-cast structure with the
phase transformations taking place during subsequent processing
steps that may result in the occurrence of banding in the ﬁnalTable 1
Reported values of the equilibrium partition coefﬁcients for common alloying ele-
ments in steel.
Element Valid composition range, wt% k Reference
Mn 1.4e1.5 0.71 [21,25]
Al 0.03e0.05 1.02 [21]
Si 0.3e0.4 0.63 [21]
Cr e 0.33 [25]microstructure. Our initial hypothesis is that interdendritic chem-
ical segregation remains after casting and, in particularly in the case




The steel under investigation is a continuously-cast TRIP assis-
ted dual phase steel with the composition given in Table 2. The
material is produced via a continuous casting route, followed by
hot-rolling (HR), cold-rolling (CR) and continuous annealing.
Samples from industrial production material were taken after
casting and also after cold-rolling and annealing (CRA) for the ex-
periments and analysis outlined in this work.
Blocks of 75 mm in height (1/3 of the original slab height of
225 mm) were removed from the centre-line of the as-cast (AC)
slab, as this is the most common section for the appearance of both
chemical macro- and micro-segregation due to (a) increased
dendrite arm spacing as a result of slower cooling rates and (b)
solute enrichment of the ﬁnal solidiﬁcation zone [33]. The blocks
were ﬁrst forged to a thickness of 35 mm, before being reheated to
1250 C for 30 min and subsequently hot-rolled in six deformation
passes to the ﬁnal thickness of 3.4 mm, see Fig. 1. The temperature
after the ﬁnal reduction was 900 C and the microstructure at this
step is comprised completely of austenite. Different cooling tra-
jectories were subsequently applied aimed to promote (slow
cooling rate) or suppress (fast cooling rate) banding as predicted by
the cellular-automaton model developed by Bos et al. [34,35], see
Section 3.2 for details. Slow cooled samples were ﬁrst allowed to
cool in air to 700 C, followed by oven cooling to room temperature
at 0.2 C/s; the fast cooled samples were water quenched to 600 C
on a run-out table delivering a continuous ﬂow rate of water to
achieve a constant cooling rate of 100 C/s, this was followed by
oven cooling to room temperature at 0.2 C/s.
The samples were subsequently cold-rolled to 1 mm thickness
and annealed in the ferrite (a) þ austenite (g) region, followed by a
bainite isothermal holding treatment at 400 C for 60 s. According
to Caballero et al., successful suppression of banding during hot-
rolling can be undone during subsequent heat-treatments if the
heating rate up to the two-phase region is too low [36]. To avoid, or
effectuate the occurrence of banding, the heating rate during
annealing was adapted to mirror the cooling rate in the hot-rolling
process, within the practical limits of industrial annealing lines. The
main process parameters are given in Fig. 1. It should be noted that
the total deformation from rolling reductions of material produced
in the laboratory (95%) is less than that for the samples taken from
the production route (99%), see Table 3.
2.2. Structural characterisation
Microstructural analysis was performed by light optical micro-
scopy and scanning electron microscopy (Zeiss Ultra 55 FEG-SEM).
Chemical etchants were used to reveal the microstructure in the HR
condition (5% Nital) and in the CRA condition (LePera reagent).
Dendrite arm spacing was measured on SEM images using FIJI
image analysis software [37]. Images were converted from greyTable 2
Chemical composition of the studied TRIP-assisted dual phase steel grade in wt%.
C Mn Al Si Cr Fe
0.15 2.05 0.58 0.42 0.40 Bal.
Fig. 1. Schematic diagram of the processing conditions for promoting (red) and suppressing (black) banding. Hot-rolling (including reheating) and cold-rolling are shown (left) on
different time-temperature scales to the subsequent continuous annealing cycle (right). AC ¼ as-cast, FRT ¼ ﬁnishing rolling temperature, HR ¼ as hot-rolled, CR ¼ as cold-rolled,
CRA ¼ as cold-rolled and annealed. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 3
Comparison of rolling reductions and the predicted and measured through-process dendrite arm spacing and average distance between segregation bands from industrial
production and laboratory samples.
Process step As cast Hot rolled Cold-rolled and annealed
Process route Production Production Laboratorya Production Laboratory
Sample thickness, mm 225 3.0 3.4 1.0 1.0
Rolling reduction, % n/a 99 95 66 71
Predicted dendrite arm spacing, mm 370e400 5.0 ± 0.2 17.2 ± 1.5 1.7 ± 0.1 5.1 ± 0.5
Measured distance between segregation and second phase bands, mm 380 ± 36 no data 12.1 ± 4 1.9 ± 0.3 6.2 ± 0.8
a As-cast thickness of samples hot- and cold-rolled in the laboratory was 75 mm.
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142134scale to binary and subsequent noise removal was carried out using
the built-in, single iteration “Renji Entropy” threshold ﬁlter to
remove dark outliers with an x and y radius of 3 pixels, corre-
sponding to 3 mm. Analysis of band and segregation spacing was
carried out using a peak-to-peak analysis of the line scans per-
formed on hot- and cold-rolled microstructures and virtual line
scan analysis of data parallel to a primary dendrite arm of the area
maps in the as-cast structure, with a minimum line intersection of
20 secondary arms.
Mapping of alloying elements was carried out using a JEOL JSM-
7001F SEM equipped with two 30 mm2 SDD detectors (Thermo
Fisher Scientiﬁc) and a NORAN-System7 with NSS.3.3 software. The
accelerating voltagewas 15 kV, and the beam current in the focused
probe was 16 nA. Area scans were performed on the as-cast
structure over a total area of 7.5  7.5 mm2 with a step size of
10 mm. Higher resolution scans of 1  0.75 mm2 with a step size of
2.5 mm were also performed on the dendrites and interdendritic
region. Line scans were performed over a series of sections in the
as-cold rolled structure over a total length of 160 mm with a nom-
inal step size of 1 mm and a ﬁner step size of 0.5 mm across the
central portion (70e90 mm).
Based on the assumption that any partitioning of elements with
k < 1 would manifest itself in higher average alloy content in the
ﬁnal liquid to solidify, partition coefﬁcients were calculated using a
bi-modal Gaussian analysis of the distribution from the element
maps of the as cast structure with binning at 0.01 wt %. The
partition coefﬁcient is then the ratio of the higher to lower modal
concentration.
3. Computations
3.1. Phase diagram and partitioning coefﬁcient
Calculation of the pseudo-binary equilibrium diagram of Fe-0.15C-2Mn-0.4Cr-0.4Si-[0e2]Al was carried out using the Phase
Diagram module of the FactSage programme version 6.4 in com-
bination with the FSStel database, release March 2015 [38]. Incre-
mental and cumulative partition coefﬁcients were calculated in the
Equilib module of FactSage and the same FSStel database using
Scheil-Gulliver cooling conditions with temperature step of 5 C
and assuming (a) equilibrium partitioning of carbon and (b)
continuous cooling rate of 0.5 C/s.3.2. Numerical modelling
Another numerical technique used to simulate phase trans-
formations is the cellular automaton (CA) stochastic-based method
where rules are applied that in the limit are solutions of the gov-
erning differential equations [33]. Although these techniques do
not capture the same level of detail as e.g. phase ﬁeld modelling, it
is possible to simulate grain structures over much larger simulation
domains than with the phase ﬁeld method. Bos et al. have devel-
oped a 3D CA model which can be used to calculate the effect of
local composition on the austenite to ferrite transformation during
hot-rolling [34] and during continuous annealing after cold-rolling
[35]. This aids the understanding of the mechanism by which
segregation drives the tendency towards banding in multiphase
steels.
Based on the partition coefﬁcients it is possible to calculate the
critical austenite-to ferrite transformation temperature, Ae3, in the
bulk material, in the bands and at the centre-line. In this way dif-
ferences in transformation temperature (DAe3) between segregated
and non-segregated areas can be calculated and applied to a wave
function representing the compositional periodicity, including a
maximum concentration at the position of the centre-line, ac-
cording to:
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142 135DAe3 ¼ Ae3½band  Ae3½bulk (4)3.3. Analytical approximation of Ae3 transformation temperature
In order to model the effect of segregation on band formation, it
is necessary to have an adequate function for the effect of elemental
distribution on the transformation behaviour. In this way the
banding process is modelled by assigning local chemistries based
on the partition coefﬁcients and calculating the local trans-
formation temperatures. One such function, derived by Andrews
[39], is given as:
Ae3ðCÞ ¼ 910  25CMn þ 60CSi  11CCr (5)
Where Ae3 temperature is expressed in C and concentrations inwt
%.
This function does not deal reliably with Al and C, so it was
necessary to derive a new function to include these terms. Nu-
merical analysis was carried out on model alloys generated from
MTDATA [40] and resulted in the following polynomial function,





Where Ae3 temperature is expressed in C and concentrations inwt
%.
All terms consist of a parameter cXkYmZn and are the product of at
most three chemical elements X, Y and Z to the power k, m and n
respectively, where X, Y and Z are the elements C, Mn, Cr, Si, and Al
and k, m and n are integers between 0 and 6. The number of non-
zero terms is rather large and do not give additional physical
insight; the values of the polynomial coefﬁcients are therefore
given in Table 2 in the accompanying Data in Brief article [41].3.4. Multi-component diffusion
Multi-component diffusion was calculated using calculated us-
ing Thermo-Calc and DICTRA in combination with thermodynamic
TCFE7 and mobility MOBFE2 databases [42,43]. The calculationwas
carried out using two equi-axed, quaternary Fe-C-Mn-Al grains
with a single linear interface, see Fig. 2a. The grain length was
50 mm, being representative of the length scale over which diffu-
sion must operate during homogenisation. A 60 point, non-linear
mesh (rhigh ¼ 1.1, rlow ¼ 0.9) was chosen to ensure a higherFig. 2. (a) Linear cell model with Mn and Al segregated areas as used in the DICTRA
simulation. The spatial grid is deﬁned in terms of a geometric series with a high
density of grid points close to the interface. (b) Initial chemical composition of the
phases used in the simulation.deﬁnition of the region close to the interface. Two chemical com-
positions were chosen based upon the product of the base
composition and the average partitioning coefﬁcients of Al and Mn,
see Fig. 2b. In accordance with the experimental observations, the
Al and Mn are inversely enriched/depleted. Carbon is assumed to
partition preferentially to the Mn-rich phase, this being the ﬁnal fcc
phase present during solidiﬁcation, see Section 5.1. The composi-
tional gradients were described using the Heaviside function.
Step calculations were carried out whereby the maximum
diffusion gradient occurs across the interface, thereby inducing the
highest mobility potential. This is however not realistic for condi-
tions within a segregated dendrite where there is no sharply
deﬁned chemical boundary: in that case, simulations with a linear
composition gradient are more appropriate. All calculations (both
step and linear) were carried out at 1250 C, where both grains
would be fully austenitic. The initial time step was set at 1 107 s;
this value was also chosen to be the smallest incremental time step.
The calculation ﬁnished in all cases at 1  106 s.
4. Results
4.1. Casting
EPMA mapping was carried out close to the centre-line of the
industrially produced continuously cast slab used in this study. The
resultant elemental maps for Al, Si and Mn clearly show the cor-
relation in the concentration proﬁles of these three elements at the
position of the secondary dendrite arms, see Fig. 3. Mn and Si are
locally enriched in the interdendritic region, whereas Al shows the
opposite trend.
The dendrite arm spacing (DAS) was calculated using the model
developed by El-Bealy and Thomas [16], who demonstrated that
the primary and secondary dendrite arm spacings in steel are
determined by the local cooling rate combined with the carbon
content. Themeasured values of dendrite arm spacing in the as-cast
structure, and the associated chemical segregation between the
arms, are in good agreement with the values obtained from this
model, see in Table 3. It should however be noted that at very low
cooling rates, primary and secondary dendrite arm spacings are
almost identical, which introduces uncertainty in their
identiﬁcation.
4.2. Thermo-mechanical processing
The CAmodel was applied using thewave function as previously
described in two different conditions to either promote or suppress
banding. The process parameters for the ﬁrst case were: slow
cooling (2 C/s) after hot-rolling to a high coiling temperature
(700 C) followed by a low heating rate (4 C/s) to the annealing
temperature. To suppress banding the parameters were amended
thus: fast cooling (100 C/s) after hot-rolling to a low coiling tem-
perature (600 C) and fast heating rate (20 C/s) to the annealing
temperature.
The HR microstructures as predicted by the model are shown in
Fig. 4a and c for the banded and non-banded conditions respec-
tively alongside those obtained from the experimental work, Fig. 4b
and d respectively. The HR microstructures are almost identical to
the predicted microstructure with relatively few thick and widely
spaced pearlite bands (dark etching phase), especially at the centre-
line, sandwiched between ferrite bands (light etching phase). By
way of contrast, the microstructure of the fast cooled (100 C/s),
low coiling temperature (600 C) microstructure has a ﬁner grain
size (4.3 mm as opposed to 8.4 mm in the previous case), the ferrite
and pearlite aremuchmore evenly distributed. Although banding is
still evident, the thick centre-line band is much less visible than in
Fig. 3. (a) Back-scattered electron image of the as-cast structure generated in an industrial production line, together with of the distributions of (b) Si (c, d) Al and (e, f) Mn. Images
(b), (d) and (f) show large scale EPMA maps (18  18 mm2, step size 10 mm) which reveal the dendritic structure. Images (c) and (e) show higher resolution EDS maps (1  1 mm2,
step size 2.5 mm) of the inderdendritic region highlighted in (a).
Fig. 4. The microstructures predicted by the CA model in the HR condition for process conditions to (a) promote or (c) suppress the formation of banding are compared to mi-
crographs of the observed structure as etched in 5% Nital (b and d, respectively), see text.
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142136the slow cooled microstructure.
The samples were further cold-rolled and annealed according to
the process conditions, see Fig. 1, whereby the heating rate was
chosen to either promote (slow heating, 4 C/s) or suppress band-
ing. (fast heating, 20 C/s). To simulate the effect of cold-rolling in
the model, the HR microstructure from the model is scaled prior to
application of the annealing step. The size in the vertical direction is
reduced and in the horizontal direction (the rolling direction) isincreased in the same ration (60%), resulting in elongated grains
aligned parallel to the rolling direction.
The resultant CRAmicrostructures as predicted by themodel are
shown in Fig. 5a and c for the banded and non-banded condition
respectively and those obtained experimentally are shown in
Fig. 5b and d. The CRA microstructure is comprised of a ferrite
matrix with a second phase which is actually comprised of
martensite and retained austenite, although it is not possible to
Fig. 6. Elemental line proﬁles of martensite/austenite bands embedded in the ferrite
matrix in the studied steel after cold-rolling and annealing (CRA), showing inverse
segregation of aluminium and manganese.
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142 137differentiate these two phases using light microscopy. Retained
austenite is obtained by carbon enrichment during cooling from the
intercritical temperature through ferrite re-transformation (to a
limited extent) and mainly through bainite formation during
isothermal holding. This can also result in a low fraction (less than
5 vol. %) of bainite being present in the microstructure associated
with the retained austenite. Not all of the austenite is sufﬁciently
enriched in carbon to remain stable at room temperature. For that
reason a fraction of the austenite transforms to martensite during
the quenching step after the isothermal bainite holding time. It is
clear that the processing aimed at reducing banding has resulted in
a ﬁner grain size and signiﬁcantly reduced centre-line banding,
although some orientation is still visible in the second phase
microstructure.
Fig. 6 shows the microstructure of production CRA material,
which consists of ferrite and a strongly banded second phase. The
microstructure shows signiﬁcant banding, not only at the centre-
line, but also throughout the entire microstructure. By super-
imposing the chemical composition obtained from line scans onto
themicrostructure (compare Fig. 6a and b), it is evident that there is
not only Mn segregation at the centre-line, as would be expected
from the literature, but also a strong counter-segregation of Al. The
peak across the centre-line band is the strongest, but this pattern is
also observed in all of the second phase bands in the microstruc-
ture. This follows the same trend as previously observed in the cast
microstructure: the periodicity of this measurement is strongly
suggestive that the chemical segregation observed in the ﬁnal CRA
microstructure has its origins in the casting structure.
By simple application of the rolling reduction to the DAS
measured in the as-cast structure, it is therefore possible to predict
the spacing of bands in the ﬁnal CRA microstructure resulting from
chemical segregation. Table 3 gives a comparison of the predicted
spacing (based on the dendrite arm spacings obtained using the El-
Bealy-Thomas model) and the actual values of segregation bands
measured in production and laboratory material. There is a clear
correlation between the presence of interdendritic segregation and
the occurrence of banding in the intermediate HR and ﬁnal CRA
microstructure. This is particularly evident when comparing the
values for CRA material from the laboratory and from production
which came from the same cast feedstock, but with less reduction
being applied to the laboratory material, which was sectioned from
the centre of the cast slab, see Table 3.Fig. 5. The microstructures predicted by the CA model in the CRA condition for process
micrographs of the observed structure as etched using LePera reagent (b and d, respectivel5. Discussion
5.1. Partitioning during casting
Having established that microstructural banding is linked to
interdendritic segregation, the next step is to understand the un-
derlying mechanism, and speciﬁcally the role of aluminium. Ex-
amination of the pseudo-binary equilibrium diagram for the Fe-
0.15C-2Mn-0.4Cr-04Si-[0e2] Al system shows that the addition of
Al widens the peritectic solidiﬁcation region which will serve to
decrease the partition coefﬁcient i.e. the ratio of solid to liquidconditions to (a) promote or (c) suppress the formation of banding are compared to
y), see text.
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142138solubility, thereby increasing segregation, see Fig. 7.
In order to quantify this effect, calculations were carried out for
different Al contents and the average calculated partition co-
efﬁcients of each of the alloying elements are shown in Fig. 8. Fig. 8a
shows an increase of bcc phase from 65% to 81% at 2 wt % Al,
consistent with a longer cooling trajectory in the liquidþ bcc region
with increasing Al content. Increasing Al content leads to increased
partitioning of Mn, Cr and Si into the liquid, and hence in the
resulting fcc phase, with the exception of Al itself which partitions
into the bcc.
For the investigated alloy, there is less than 30% liquid remaining
at the peritectic temperature. Based on ﬂow velocity calculations
during cooling [33] it can be deduced that, given the size of the
dendrites, there is little ﬂuid ﬂow in the interdendritic liquid and
therefore the bulk concentration should not change during further
solidiﬁcation. Based on this assumption, the composition in the
interdendritic region, and hence bands in the ﬁnal microstructure,
should coincide with the composition of the liquid at the peritectic
temperature i.e. at the point that fcc starts to form. It follows then
that the composition of the centre-line band should coincide with
the composition of the ﬁnal liquid to solidify.
The average partition coefﬁcients of the post-bcc liquid and of
the ﬁnal liquid to solidify can thus be calculated, see Table 4. In the
same way, the partition coefﬁcient can be estimated as the ratio of
the bulk composition to the compositions of each element in bands
and at the centre-line of the CRA microstructure. These values are
also given in Table 4 and show very good agreement with themodel
calculation, which further supports the hypothesis that banding is
the result of interdendritic segregation.5.2. Diffusion of aluminium during re-heating
It has long been established that Mn segregation does not
homogenise during the reheating times in industrial production
due to low diffusion rates. Fisher et al. [25] estimated that it would
require 35 h at 1250 C to reduce the chemical gradient in the
interdendritic region to half its original value. Based on the avail-
able literature for aluminium diffusion in iron and iron-based al-
loys, see Table 5 and Fig. 9, Fisher’s solution to Fick’s law for halving
the chemical gradient ranges from seconds to hundreds of hours at
1250 C, see Table 5, due to the wide variation in the reported
values of the diffusion coefﬁcient, DAl, at that temperature [44e50].
Since the evidence shows that aluminium (and also silicon andFig. 7. Pseudo-binary phase diagram of the Fe-0.15C-2Mn-0.4Cr-0.4Si-(x)Al system,
where x ¼ 0e2 wt %. The vertical dashed line denotes the Al content present in the
studied steel.
Fig. 8. Effect of aluminium on (a) phase fractions and transformation temperatures,
and on the partitioning coefﬁcient of (b) Al, (c) Mn and (d) Si in Fe-0.15C-2Mn-0.4Cr-
0.4Si-(x)Al steel, where x ¼ 0e2 wt %.
Table 4
Comparison of calculated and experimental values of the partition coefﬁcient in Fe-
0.15C-2Mn-0.4Cr-0.4Si-0.6Al.
Element/phase Calculated Measured
Post-bcc liquid Final liquid Bands Centre-line
Mn 0.95 0.70 0.89 ± 0.04 0.73 ± 0.13
Cr 1.00 0.93 0.95 ± 0.02 0.87 ± 0.07
Si 0.97 0.59 0.88 ± 0.04 0.64 ± 0.16
Al 1.11 1.33 1.11 ± 0.01 1.28 ± 0.06manganese for that matter) are not homogenised under practical
processing conditions, this can only mean that the presence of
multiple diffusing species reduces their individual diffusivity. In
Table 5
Reported values of the diffusion parameters for Al in pure iron and iron-based alloys.
Base material Aluminium composition range, wt% Temperature range, C Do, 104 m2 s1 Q kJ mol1 Homogenisation time at 1250 C, s Reference
bcc-Fe Not reported 897e1097 5.15 245.8 2561 [46]
bcc-Fe 0e5 920e1210 27.0 188 436 [47] a
fcc-Fe (AISI 316L) Not reported 500e640 5.0 184 170 [49]
ion implanted bcc-Fe 0e8 775e900 1.6 306 1.1  106 [45]
0.15C-0.3Mn 0e34 950e1100 30.1 234.5 174 [44]
0.17C-0.5Mn-0.3Si steel (Q235) Not reported 1020e1080 1.7 142 1.6 [48]
a Incorrectly attributed to Tobin [50] in Smithells Metals Reference Book [47]; the latter reference will be used.
Fig. 9. Temperature dependent diffusion coefﬁcients of Al in pure iron and in iron-
based alloys. The solid line represents a log-linear ﬁt through the data (except data
from Hirvonen [45]).
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142 139order to verify this hypothesis, calculations were carried out using
the DICTRA software in combination with Thermo-Calc to deter-
mine the extent of diffusion in a quaternary system. The resulting
step and linear plots in Fig. 10 show that there is limited diffusion of
Mn and Al at the boundaries, even after very long processing times.
If the minimum criterion for homogenisation can be deﬁned as a
halving of the concentration gradient over the diffusion length,
then in the case of the step calculations (representing the
maximum mobility case) this has been only been achieved for Mn
and Al within 10 mm from either side of the interface after almost
28 h at 1250 C, see Fig. 10 a and b. In contrast, this criterion is
fulﬁlled for the carbon concentration gradient within 100 s, see
Fig. 10c.
For the same time and temperature settings, there is no position
within the diffusion length of the linear calculation that satisﬁes
the homogenisation criterion for either Al (Fig. 10d) or Mn. Given
that the interdendritic space is almost an order of magnitude larger
than the simulation cell, we can conclude that there is no signiﬁ-
cant homogenisation possible in this alloy within practical time
constraints of the thermo-mechanical process.5.3. Effect of segregation on transformation and banding
To understand the mechanism by which segregation drives the
tendency towards banding, the effect of local composition on
austenite to ferrite transformation during hot-rolling was calcu-
lated using the combined computational model described in Sec-
tions 3.2 and 3.3. According to this model, when DAe3 increases in
magnitude, the transformation from austenite to ferrite is delayed.
On the assumption that the carbon content in austenite is constant
in the single phase region, areas with a higher Ae3 will start totransform to ferrite earlier during cooling (and vice versa during re-
heating). Since carbon is more soluble in austenite, this phase will
become enriched in carbon and eventually transform to pearlite.
When the difference between the bands and the bulk increases, so
will the tendency towards banding due to partitioning of carbon
away from the transformation front i.e. a large value of DAe3 will
promote the formation of pearlite bands during cooling to the HR
condition.
Given that the effect of Al on the transformation temperature is
not well documented, an approximation was derived, see the
accompanying Data in Brief article [41]. Ae3 is calculated by sum-
ming the relevant coefﬁcients of the approximation. The effect of
Al, Si and Mn content on DAe3 at the centre-line of the investigated
alloy is shown in Fig. 11. The data represent the differences in DAe3
for each element in turn, whereby the bulk (and hence partitioned)
compositions of the other elements remain constant i.e. when
considering the effect of Al, the nominal alloy concentration is
assigned to the bulk Mn, Cr and Si content, from which the segre-
gated concentration and, hence DAe3 can be calculated.
Table 6 shows the effect per wt % of each of the solid solution
alloying elements. Al has the greatest negative effect on this
parameter by a factor of more than two compared with Mn. This
means that Al segregation, even more than Mn, promotes the for-
mation of banding. Even though Al and Si are both ferrite stabilising
elements i.e. they would both increase Ae3, they show an opposite
effect onDAe3 in this case. This is due to the opposite partitioning of
these elements: Al to the bulk and Si to the bands. Whilst adding Si
will tend to reduce the DAe3, the greater effect of Al on the trans-
formation temperature results in a greater net effect on DAe3. The
effect of Cr on the transformation temperature combined with the
low amount of partitioning results in a negligible effect on DAe3,
and whilst being included in the calculation, it is not shown in
Fig. 11.
By applying the values for DAe3 to the concentration proﬁle in
the CA model, calculations were made for the different cooling and
annealing trajectories described in Fig. 1. The resultant HR and CRA
microstructures are shown alongside those predicted by the model
in Figs. 4 and 5 respectively. In the HR microstructure there is
almost no banding evident in the fast cooled microstructure, which
is contrast to the prominent banding slow cooled microstructure,
especially at the centre linewhere the composition difference is the
greatest, as previously explained. The CA model captures this dif-
ference in banding behaviour very well, as can be seen by
comparing the images with the real microstructures in Figs. 4 and 5.
Banding is visible in the CRA microstructures of both processing
conditions, although the bands visible in the experimentally
observed CRA microstructure of the fast cooling (and heating)
process are not continuous in theway that those in the slow cooling
(and heating) process are, especially at the centre-line. The pre-
dicted microstructures from the CA model reﬂect the reappearance
of banding in the fast heating process, although they are more
continuous than those of the experimentally observed micro-
structure. This is the due to the cold rolling process not being
Fig. 10. DICTRA step calculation of (a) Mn, (b) Al and (c) Carbon diffusion at 1250 C (reheating temperature) and (d) DICTRA linear calculation of Al diffusion under the same
conditions. Distributions along the diffusion path/boundary for time steps of 100, 1000 and 100,000 s (28 h) are shown in red, green and blue respectively. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 6
Effect of solid solution alloying elements on the difference in transformation tem-
perature (DAe3) between segregated and non-segregated areas in the studied steel
grade.
Element Al Cr Mn Si
Effect on DAe3, C/wt % 33.7 3.7 14.0 þ18.9
Fig. 11. Effect of Al, Mn and Si concentration on the difference in transformation
temperatures between segregated and non-segregated zones (DAe ) at the centre-line
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142140simulated explicitly. Based on the applied total thickness reduction
during cold rolling, the microstructure obtained after hot rolling is
scaled accordingly: in this way pearlite and ferrite get the same
strain. This means that in the generated cold rolled microstructure
the pearlite will be more elongated than in a real microstructure.
Although the strain energy contribution is not accounted for, the
settings used for the annealing steps result in complete recrystal-
lisation prior to phase transformation and, thus, provide an
adequate qualitative description of the microstructure.3
in the studied steel grade, whereby the nominal alloying contents are represented by
the solid vertical lines.6. Conclusions
We have assessed the role of aluminium on the elemental
B.L. Ennis et al. / Acta Materialia 115 (2016) 132e142 141segregation and banding in a TRIP-assisted dual phase steel.
Segregation during solidiﬁcation, the effect of local chemistry on
the transformation temperature and the combined effect of trans-
formation and process on band formation were examined and
discussed. The conclusions of this study are:
1. Microstructural banding in these steels is characterised by an
increased Mn and Si content and a decreased Al content in the
second phase. The band at the centre-line is higher in Mn and Si
and lower in Al than the other bands. This is the result of
different segregation mechanisms during solidiﬁcation: the
band at the centre-line is the result of macro- and microscopic
segregation into the ﬁnal liquid, whereas the other bands are the
result only of microscopic segregation in the interdendritic
region;
2. Due to its effect upon the Ae3 transformation temperature, Al
has the largest individual contribution of the substitutional
alloying elements in these steels on the austenite to ferrite
transformation during cooling and, hence, upon banding in
multiphase steel;
3. Increasing Al content leads to a marginal increase in partitioning
of the other chemical elements into the solid due to widening of
the solidiﬁcation trajectory. Coupled with the counter segrega-
tion of Al and Mn, this leads to an increased tendency for
banding during hot-rolling, as derived from CA model
calculations;
4. Diffusion of solid-state elements during the reheating cycle,
particularly aluminium and manganese, is too slow to result in
chemical homogenisation. As a result, segregation proﬁles pre-
sent after casting remain throughout the down-stream pro-
cesses and have a signiﬁcant effect on the ﬁnal banded
microstructure.
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